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ABSTRACT Fragile X syndrome arises from blocked
expression of the fragile X mental retardation protein
(FMRP). Golgi-impregnated mature cerebral cortex from
fragile X patients exhibits long, thin, tortuous postsynaptic
spines resembling spines observed during normal early neo-
cortical development. Here we describe dendritic spines in
Golgi-impregnated cerebral cortex of transgenic fragile X
gene (Fmrl) knockout mice that lack expression of the protein.
Dendritic spines on apical dendrites of layer V pyramidal cells
in occipital cortex of fragile X knockout mice were longer than
those in wild-type mice and were often thin and tortuous,
paralleling the human syndrome and suggesting that FMRP
expression is required for normal spine morphological devel-
opment. Moreover, spine density along the apical dendrite was
greater in the knockout mice, which may reflect impaired
developmental organizational processes of synapse stabiliza-
tion and elimination or pruning.

Fragile X syndrome is the most common inherited form of
human mental retardation after Down Syndrome. It is an
X-linked genetic trait with an incidence of 1/2,000 in males
(1-3). Phenotypic abnormalities include moderate to severe
mental retardation, autistic behavior, macroorchidism, and
facial abnormalities (1). The FMRI gene contains a trinucle-
otide repeat [(CGG),] in the 5’ untranslated region that is
expanded (=200 repeats) in fragile X patients (2, 4, 5),
resulting in hypermethylation of the FMRI promoter region
and absence of the encoded fragile X mental retardation
protein (FMRP). Studies prior to the characterization of
fragile X syndrome associated immature dendritic spine mor-
phology (long and thin) with some forms of mental retardation
(6-8). Similarly, fragile X cerebral cortical autopsy material
exhibits thin, elongated spines and small synaptic contacts (9,
10).

Recently, transgenic Fmrl mice were produced in which the
Fmrl gene was disrupted in embryonic stem cells using a
targeting vector to exon 5 and homologous recombination
(11). The resultant homozygous knockout mice express no
FMRP. Phenotypically, these mice exhibit increased testicular
size and mildly impaired performance on the Morris water
maze (11), paralleling human symptoms. To explore further
parallels to the human syndrome, we examined the effect of the
Fmrl knockout on dendritic spines in the visual cortex using
the Golgi-Cox impregnation technique.
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MATERIALS AND METHODS

Male mutant (n = 4) and wild-type FVB strain (n = 4) adult
(16-week-old) mice were prepared for Golgi-Cox impregna-
tion. Mice were anesthetized with sodium pentobarbital (85
mg/kg) and perfused transcardially with 60 ml of 0.9% NaCl
(pH 7.3). Brains were removed and were cut sagittally along
the midline. Tissue blocks were then immersed in 100 ml of
Golgi-Cox solution (1% potassium dichromate/1% mercuric
chloride/0.8% potassium chromate in distilled water) for 18
days. Tissue blocks were then immersed in 30% sucrose in
0.9% saline for 2 days and subsequently sectioned (200 pm)
using a vibratome. Sections were mounted on gelatinized
slides, developed, fixed, dehydrated, coverslipped, and as-
signed codes that did not reveal group identity.

Spine Length Measurements. Layer V pyramidal neurons
from visual cortex exhibiting complete Golgi impregnation and
having apical dendrites with a length greater than 100 wm were
selected for quantification. The length of each of 30 spines was
measured beginning 50 um from the soma using an eyepiece
reticule. Spine lengths were collected from five neurons from
five different tissue sections from each of the animals. Overall
means for each animal and frequency of each of the five
reticule spine length “bins” (30 spines per neuron, 5 neurons
per animal) were calculated and used for statistical analysis.

Spine Density Measurements. Fully impregnated layer V
pyramidal neurons from visual cortex were selected for density
measurements. Spine density on apical dendrites was obtained
in 25 um segments beginning at the point of contact between
the apical dendrite and the soma from five neurons from five
sections for each of the animals. The number of spines visible
in profile along the dendrite was counted for every 25-um
segment along the entire visible length of apical dendrite (in
all cases, at least 100 um). Spines less than about 0.4 um in
profile length (Y2 reticule scale division) were not counted;
these spines were usually those projecting at oblique angles and
partially obscured by overlap with the dendritic shaft. Dendrite
diameter was measured at the beginning of each counted
segment, and an additional sample of three knockout and two
wild-type dendritic diameters was also measured to ensure an
adequate sample size for the detection of any difference, as this
can affect spine density measures. Overall means for each
segment for each animal were analyzed using a two-factor
(genotype by dendritic segment) ANOVA. All spine measure-
ments were made by an experimenter blind to the experimental
condition of the animals.

Abbreviations: FMRP, fragile X mental retardation protein; FMRI,
fragile X mental retardation gene or mRNA; Fmrl, mouse FMR1

ene.
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RESULTS

Knockout mice displayed significantly longer dendritic spines
than wild-type control animals (one-tailed ¢ test; r = 2.25, df =
6, P = 0.033). Fig. 1 shows representative apical dendrites from
knockout and wild-type mouse visual cortex, and Fig. 2
presents group means.

The Fmrl knockout mice had both short “mushroom”-
shaped dendritic spines and thin, elongated spines; elongated
spines were more prevalent in knockout than in wild-type

A

Fic. 1. Golgi-Cox impregnated apical dendrites in transgenic and
wild-type mice. (4) Segment of apical dendrite from layer V pyramidal
neuron in Fmrl knockout mouse demonstrating both the increased
incidence of long, thin dendritic spines and the increased spine density.
(B) Apical dendrite of layer V pyramidal neuron from wild-type
mouse. (Bar = 10 um.)
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FiG. 2. Mean dendritic length (and SEM) of spines on apical
dendrites of layer V pyramidal neurons in visual cortex from knockout
(KO) and wild-type mice. Dendritic spines in Fmrl transgenic mice
were significantly longer than those in the wild-type animals (one-
tailed ¢ test; t = 2.25, df = 6, P = 0.033).

mice, and knockout mice had fewer short spines, as Fig. 3
shows (x> = 46.29, 3 df, P < .0005). As Fig. 4 indicates, the
density of dendritic spines along the apical dendrites of layer
V pyramidal cells was substantially greater in the knockouts
than in wild-type mice (Fy33 = 63.3; P < 0.0001). As neither
mean dendrite diameter (knockout = 1.55 = 0.05 um; wild-
type = 1.59 = 0.05 um; Fij0 = 0.1048, P > .5) nor the
frequency of the longest category of spine length (3.33 wm in
Fig. 3) differed between knockout and wild-type mice, cor-
rection of the density values for such differences (e.g., ref. 12)
was unnecessary (see ref. 13).

DISCUSSION

The prevalence of thin, elongated dendritic spine morphology
in Fmrl knockout mice is reminiscent of that observed during
early synaptogenesis in the developing brain (14) as well as of
the morphology seen following sensory deprivation (15, 16).
The failure to match the adult wild-type spine length distri-
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F1G.3. Number of spines in each reticule-based length category on
apical dendrites of layer V pyramidal neurons in visual cortex from
knockout (KO) and wild-type mice. Knockout mice have fewer short
spines and more long spines (x> = 46.29, 3 df, P < .0005).
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FiG. 4. Mean spine density (and SEM) distributions in fragile X
knockout (KO) and wild-type mice. Overall spine density along apical
dendrites of layer V pyramidal cells is significantly greater in knockout
mice than in wild-type controls (Fy 33 = 63.3, P < 0.0001). Dotted lines
in graphs indicate reduced numbers of dendrites in the analysis due to
some apical dendrites having been truncated by the section plane.

bution suggests a reduced tendency for spines to mature to an
adult morphology. In addition, the increased number of long,
thin spines and the increased spine density observed in the
knockout mice point to a deficit in the normal selection or
“pruning” of synaptic contacts that occurs in development
(17). These two deficits could be related or independent effects
of the absence of the Fmrl gene. These results implicate the
Fmrl gene and its associated protein, FMRP, in the develop-
mental processes leading to normal adult dendritic spine
morphology and number. Moreover, they suggest that FMRP
is required for the synapse stabilization—elimination process
whereby sensory systems become organized in development
(18).

It is of interest in this regard that we have recently shown,
using a synaptoneurosome preparation, that FMRP is synthe-
sized locally at the synapse in response to synaptic activity.
FMRI1 mRNA is taken up into postsynaptic polyribosomes in
response to group 1 metabotropic glutamate receptor activa-
tion (19-21), and FMRP levels increase in minutes, as dem-
onstrated using Western blot analysis (21). The present find-
ings suggest that synthesis of FMRP at synapses in response to
synaptic activation may play a role in synapse maturation and
in the selection—elimination process. Both FMRI mRNA and
FMRP are enriched in nervous tissue (22-25). Although the
function of FMRP is unknown, it has been shown to contain
three RNA binding regions (two KH domains and one RGG
box) (26, 27). FMRP binds approximately 4% of fetal human
brain mRNAs (27). It is clear that RNA binding is functionally
important because mutations in the RNA-binding region are
associated with severe mental retardation (28).

Understanding the role that FMRP and its synthesis at the
synapse may play in synapse maturation, selection, and
stabilization awaits a clearer understanding of the protein’s
cellular functions. Given its RNA binding properties, how-
ever, a number of possibilities exist. Among them are: (i)
FMRP may facilitate or inhibit protein synthesis by regulat-
ing access or targeting of mRNA to polyribosomes, or (ii)
FMRP may localize mRNA to specific sites, thus regulating
the spatial pattern of protein expression. Thus, FMRP could
act as a spatial and/or temporal regulator of activity-
dependent protein synthesis at the synapse. We have dem-
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onstrated the presence of FMRP in spines using immuno-
histochemistry (21).

The use of knockout mice to study the normal function of
a protein is often criticized (e.g., ref. 29), because expression
or functions of other proteins may be altered in response to
the loss of the absent protein. Similarly, it is not clear to what
extent the observed results of a transgenic knockout are due
to the absence of the protein at the time of testing or a result
of altered development due to the absence, and resulting
compensatory mechanisms, of the protein throughout the
life of the organism. These concerns are less relevant in the
case of the Fmrl knockout. In these animals the lack of
FMRP mimics the mechanism underlying the human syn-
drome. Thus, although compensatory mechanisms may oc-
cur as a result of an absence of FMRP, it is likely that similar
compensation may occur both in the mouse model and the
human syndrome.

The altered dendritic spine morphology and density, as well
as the observed behavioral deficits and macroorchidism asso-
ciated with the FmrI knockout, suggest that this mouse may be
an excellent model for human fragile X syndrome, as well as
for providing a new system for studying synaptic maturation
and stabilization. In addition, this work, when considered with
work demonstrating synaptic control of FMRP synthesis (21),
supports the possibility that FMRP may play an essential role
during the development of an adult synaptic architecture.
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